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Abstract 
In the paper, the changes in axial and contour lengths of skeletal interatomic bonds in the chain molecules of polyethylene 
nanocrystals have been measured using X-ray diffractometry and Raman spectrometry. In the course of the measurements 
the samples were subjected to stretching and heating (mechanical and thermal actions). The measured force and temperature 
dependences were analyzed and the calculated description of the polymer nanocrystal strain was inferred from them. In so doing 
the original results were obtained for the thermal action. The potential energy components related to both the skeletal bond 
stretching and the chain molecule bending were determined for the strained polymer crystal. The sharp distinction between 
the ratios of these components for the object under mechanical and thermal actions was found. 
Copyright © 2016, St. Petersburg Polytechnic University. Production and hosting by Elsevier B.V. 
This is an open access article under the CC BY-NC-ND license. ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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The polymer crystals are formed from the stretched 
parts of chain molecules stacked parallel along the di- 
rection of the orienting force [1] . The linear size of 
these parts ranges from 20 to 100 nm [2] , so, these 
crystalline objects are nanocrystals. Their distinctive 
feature is the sharp anisotropy of mechanical and ther- 
mal properties in the longitudinal (along the axes of 
stretched molecules) and in the transversal (orthogonal 
to the molecular axes) directions. E.g., the rigidity of 
crystalline lattice and the characteristic temperatures ∗ Corresponding author. 
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(Peer review under responsibility of St. Petersburg Polytechnic University)of vibrations are substantially higher in longitudinal 
direction than in transversal one [3] . This fact deter- 
mines certain features of the deformation response of 
the polymer crystals to mechanical and thermal ef- 
fects. Moreover, the chain structure of macromolecules 
leads to specific types of stiffness of polymeric ma- 
terial: the stretching hardness (an increase in contour 
length of molecules) and flexural rigidity (the “curva- 
ture” change of segments of chain molecules, leading 
to a change in its axial length). However, despite the 
large number of studies [1] considering the description 
of the polymer nanocrystal deformation response to 
the mechanical (stretching) and thermal (heating) ef- 
fects, a number of issues need further clarification. In 
particular, the behavior details of skeletal interatomic 
bonds of macromolecular segments forming nanocrys- 
tals when subjected to the actions mentioned remain ction and hosting by Elsevier B.V. This is an open access article 
nc-nd/4.0/ ) 
. 
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Fig. 1. A scheme of a stretched PE molecule. O–O is the molecule 
axis; l C is the C –C-bond contour length; F are stretching forces. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 unclear. To obtain the necessary information it is ad-
visable to use such methods to study molecular dy-
namics as diffraction (X-ray, electron, neutron) and
Raman spectroscopy. The latter is known to be sensi-
tive to the influence of various effects on the skeletons
of polymeric molecules [ 4 , 5 ]. The combination of Ra-
man and X-ray methods of investigation leads to a
clarification at the molecular level of the mechanics
and energetics of polymer nanocrystals subjected to
these conditions. 
2. Objects and methods of study 
The studies have been carried out for oriented sam-
ples of crystallizing polymers – polyethylene (PE),
polypropylene (PP), polycaproamide (nylon 6). This
paper presents the results obtained for PE only, as for
the other two polymers they were the same. 
The PE samples were acted upon two types of ef-
fects: 
(1) tensile stress along the orientation axis at
T = 90 K; 
(2) heating of unloaded samples from T = 90 K to
T = 300 −350 K. 
The choice of the temperature value of 90 K was
due to the fact that the thermal molecular dynamics
of PE nanocrystals remains virtually unexcited at this
temperature. It is also unexcited at lower temperatures
but more complicated equipment is then required for
measurements. 
The angular shift of (002) reflection patterns to
smaller angles was recorded upon elastic tensile stress
at T = 90 K by X-ray diffractometry. The increase of
the distance between the skeletal carbon atoms along
the molecular axis in PE was determined using the val-
ues of measured angular shift [6] . The low-frequency
shift ν of the band ν = 1130 cm –1 ≈ 3.4 ٠10 13 Hz
responsible for the valence vibrations of (C –C)-bonds
in PE was recorded by Raman spectroscopy. It is im-
portant to note that the variation of the vibration fre-
quency is caused only by the change in the contour
length of skeletal bonds, while the variation of the
valence angle does not affect the results. Hence, the
relative change of the vibration frequency ε ν = ν/ ν
in PE with tensile stress reflects the relative change of
the (C –C)-bonds contour length ε C = l C / l C under
stress. Since the relation between these changes has
the form 
ε C ≈ −0. 3 ε ν, (1)according to [8] , the measured linear dependence of
frequency relative decrease ε ν on tensile stress σ in
the range from 0.4 to 1.8 GPa (coefficient is ∼5 ·10 –3
(GPa) –1 ) shows the contour stretching of C –C-bonds
under stress with the same proportionality factor. 
3. Experimental results and discussion 
It is known [7] that the carbon skeleton of a
straightened PE molecule has a form of a plane zigzag
( Fig. 1 ). Here the O–O line is the molecular axis;
l C = 0.154 nm is the C –C-bond contour length;
θ = 109 ° is the valence angle between C –C-bonds.
The projection of a (C –C)-bond onto a molecule axis
(the axial length of a (C –C)-bond) is 
l ax = l C sin θ/ 2 
at T = 90 K l ax = 0.127 nm. 
So, both axial and contour lengths of molecules in
PE crystals increase upon longitudinal elastic tensile
stress. 
When heated, the axial length of C –C-bond de-
creases with temperature as it was found from the
temperature dependence of (002) pattern shift mea-
sured by the X-ray diffractometry. The axial length
relative change is described by 
ε  = l / l 
Where l  and l  are the C –C-bond length and
its change respectively. 
The use of new symbols is due to the change of
the molecule axial tilt under heating, and this change
causes the change of the C –C-bond projection onto the
PE orientation axis. We emphasize that at T = 90 K
the equation 
l  = l ax = l c sin θ/ 2 
is true. 
By means of Raman spectrometry using Eq. (1) , the
contour length of a C –C-bond was found to increase
under heating. 
So, when heated, the changes of axial and contour
lengths of PE molecules in crystals have the opposite
signs in contrast to the changes under tensile stress. 
The experimental data obtained on the deformation
(the changes of axial and contour lengths) of the chain
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Fig. 2. Models of effects on PE molecule in PE crystals. 
a is the stretching longitudinal stress of an initial zigzag-shaped PE 
skeleton; 
b is the excitation of transverse vibrations in PE molecule under 
heating. 
C 1 , C 2 are carbon atoms, O–O is a molecular axis. molecules in PE nanocrystals allowed us to analyze 
processes occurring in these structural units more de- 
tailed. A model of how the object is influenced by the 
different effects was used ( Fig. 2 ) which made it pos- 
sible to get the detailed quantitative information about 
the deformation processes and the energy distribution 
in the deforming molecules of polymeric crystals. 
The resolution of a stretching force, which is paral- 
lel to the O–O axis, into two components is shown for 
the atoms C 1 and C 2 ( Fig. 2 a). The force F С acting 
along the (C 1 –C 2 )-bond is expressed by the equation 
F C = F sin θ/ 2, 
and the force F θ applied orthogonal to this bond is 
equal to 
F θ = F cos θ/ 2, 
where the valence angle at the vertex of a zigzag is 
θ = 109 ° at T = 90 K [7] . 
The forces F С cause the elongation of the (C 1 –C 2 )- 
bond 
l C = F C / f C , 
where l C = 0.154 nm is the initial (C 1 –C 2 )-bond 
length at T = 90 K, f C is the force coefficient of the 
(C 1 –C 2 )-bond stretching. The forces F θ applied to the neighboring atoms C 1 
and C 2 form the pair with the twisting moment 
M = F θ l C / 2 = (F cos θ/ 2) l C / 2 
on the arms l C /2. 
The action of this pair causes the decrease of an 
angle between the (C 1 –C 2 )-bond and the molecule axis 
by the value 
δβ = −M/ f β, 
which, in turn, leads to the change of the valence angle 
θ by the value 
δθ = −2δβ = 2M/ f β ≈ (F cos θ/ 2) l C / f β
≈ (F cos θ/ 2) l C / 2 f θ , 
where f β , f θ = f β/ 2 are the force coefficients of the 
changes of angles β and θ . 
As a result, the relation was derived between the 
axial length change and the applied force F : 
l ax (F ) = F 
[
sin 2 
θ
2 
/
f C + l 2 C cos 2 
θ
2 
/
4 f θ
]
(2) 
This expression shows that different types of the 
molecule deformation contribute into the axial stretch- 
ing of a molecule. These types are: 
(1) a stretching of (C –C)-bonds (a component in- 
cluding the force coefficient f C = 4.4 ·10 2 N/m 
for PE [9] ); 
(2) an increase of the valence angle (a com- 
ponent including the force coefficient 
f θ = 8.2 ·10 −19 N/m for PE [9] ). 
The calculation carried out has shown that upon ax- 
ial tensile stress the fraction of C –C-bond elongation 
is 0.39 and the fraction of the valence angle increase 
is 0.61. It can be seen that these fractions are com- 
mensurable. 
The thermal effect on chain molecules in a crys- 
tal differs from that of the localized constant force 
acting during the axial stretching at T = 90 K when 
the thermal vibrational molecular dynamics is virtually 
frozen. When temperature rises over 90 K the trans- 
verse vibrations are excited in chain molecules. These 
dislocations can be represented approximately as a re- 
sult of impacts on skeletal atoms in the transverse di- 
rection. We use the same representation of transverse 
impacts to model the thermal effect on molecules. We 
accept all impacts are of the same magnitude. Also the 
impacts on the neighboring atoms are allowed to be 
of opposite directions but along the same axis which 
A.I. Slutsker et al. / St. Petersburg Polytechnical University Journal: Physics and Mathematics 2 (2016) 78–82 81 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 is perpendicular to the molecular axis. Hence, the ini-
tial lineal model of a molecule becomes zigzag-shaped
( Fig. 2 b) due to transverse impacts. By analogy with
the analysis of the mechanical stress of PE molecules
we resolve the forces into the components parallel and
orthogonal with the molecular axis (but not parallel or
perpendicular with the (C –C)-bond like in the previous
case). The impact force F ⊥ acts equally from the both
sides onto the halves of interatomic distance which are
adjacent to the affected atom ( l ax /2 each). So, the force
is F ⊥ /2 per each of two adjacent parts of a molecule.
This force is what we resolve into components for
the atoms C 1 and C 2 from one side of each of them
( Fig. 2 b). The formed kind of a valence angle can be
denoted as 
ψ = π − ψ 
(before an impact ψ = π ). The angle between the
“heated” and initial axes is equal to ψ /2. Then the
component of the force F ⊥ /2 along the molecule axis
is 
F ax = F ⊥ sin (ψ / 2) / 2 ∼ F ⊥ ψ / 4 
(as ψ is small). The component of the force F ⊥ /2
orthogonal to the molecule axis is equal to 
F ψ = F ⊥ cos (ψ/ 2) / 2 
≈ F ⊥ 
[
1 − ( ψ/ 2 ) 2 /2 ]/2 ≈ F ⊥ /2 
Each of the forces F ψ applied to neighboring atoms
produces the twisting moment M = F ψ l ax / 2 on the arm
l ax /2. The action of this pair of forces leads to the rota-
tion of the whole fragment (C 1 –C 2 ) clockwise around
the center of the fragment which causes the increase of
an angle between the initial (before heating) and new
directions of the molecular axis. Accordingly, the de-
crease of the axial length l ax ( T ) of the (C 1 –C 2 )-bond
projection onto the initial molecular axis O–O takes
place. 
The projection of the length of such a fragment
C 1 –C 2 is denoted as l ( T ) and is shown in Fig. 2 b.
Before heating l  = l ax at T = 90 K. The change of a
projection of an axial length of a fragment C 1 –C 2 onto
the axis O–O l (T ) due to the action of two factors
(the increase of both the (C 1 –C 2 )-bond axial length
and the angle ψ( T )/2 between C 1 –C 2 fragment and
O–O axis) is equal at a small value of ψ l (T ) = l (T ) − l (T = 90K ) 
= l ax (T ) cos (ψ/ 2) − l ax (T = 90K ) 
≈ F ax (T ) / f ax − l ax ψ 2 (T ) / 8 . (3)
The structure of Eq. (3) for the heated PE crystal
has the same meaning as the structure of Eq. (2) for
the mechanical stress. Indeed, the first component is
the contribution of the increase of the (C 1 –C 2 )-bond
axial length (i.e., of the (C 1 –C 2 )-bond stretching) into
l ( T ); the second negative component is the contri-
bution of the “valence angle” ψ decrease into l ( T ).
All values in ( 2 ) are known, but the situation
is different with ( 3 ). Initially only two of values
from ( 3 ) are acquainted: the (C –C)-bond axial length
l ax = 0.127 nm at T = 90 K and the force coefficient
of the (C –C)-bond axial stretching f ax = 2.8 ·10 2 N/m.
The force of the (C –C)-bond axial stretching F ax and
the change of the “valence angle” ψ at the vertex
of quasi-zigzag formed due to the transverse thermal
impacts are acquainted only at the initial temperature
T = 90 K: 
F ax ∼ 0, ψ ∼ 0. 
At higher temperatures ( T > 90 K) the values of
F ax and ψ are to be found. A simple theoretical
analysis carried out showed that 
ψ/ 2 = [ ε ax (T ) − ε (T ) ] 1 / 2 , 
and, therefore, this angle can be calculated. 
The force F ax , applied to the C 1 –C 2 fragment of PE
molecule ( Fig. 2 b), leads to the elongation of this frag-
ment and, hence, to the increase of a C –C-bond con-
tour length ε C ( T ) with temperature. As it was shown
in [8] , ε C ( T ) is correlated with ε ax and ε ν like 
ε ax ≈ 2. 5 ε C ≈ −2. 5 · 0. 3 ε ν. 
Then, it is easy to calculate 
l ax (T ) = l ax ε ax (T ) , 
and 
F ax = f ax l ax ( T ) , F ⊥ ≈ 4 F ax / ψ, 
and from ( 3 ) the value of l ( T ). 
As it follows from the analysis of the response of a
polymeric crystal to mechanical and thermal treatment,
two types of deformation appear in chain molecules
being the stretching of structural elements and the
change of these elements curvature. Both types are
characterized by the corresponding values of potential
energy. So, the increase of the polymeric crystal po-
tential energy W pot is a sum of two components which
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W
W
W
 are the stretching energy W str and the bending energy 
 bend ;W pot = W bend + W str . 
Let us evaluate the ratio of these components per 
one monomeric unit (CH 2 group) in the chain PE 
molecule: 
 str / W pot ;W bend / W pot . 
Upon mechanical stretching it follows from ( 2 ) that 
the ratio of the stretching and bending parts of the po- 
tential energy of the stretched monomeric unit is the 
same as the ratio of corresponding parts of deforma- 
tion. 
Upon heating it is possible to evaluate the ratio of 
these components of deformation from ( 3 ) which is 
2.1 at T = 300 K. The ratio 
 bend / W str ∼ 6 · 10 2 
upon heating of the PE crystal to T = 300 K. 
So, for the heated PE crystal the potential energy 
of thermal origin is mainly the bending energy of PE 
molecule due to the transverse vibrations of chains. 
4. Conclusions 
The study resulted in the detailing of the deforma- 
tion processes in polymeric crystals under the action 
of mechanical stress and thermal heating by means 
of X-ray diffractometry and Raman spectrometry. For 
mechanical stress at low temperature, when the skele- 
tal vibrations are frozen, the distinctive features of the 
deformation processes are caused by the zigzag shape 
of the chain molecule skeleton. 
Under heating the decisive role in polymeric 
nanocrystal deformation belongs to the excitation of 
thermal transverse vibrations leading to sharp differ- 
ences of force and energetic characteristics from those 
observed under mechanical loading. Experimental data on temperature and force depen- 
dencies of axial and contour deformations in nanocrys- 
tals of polycaproamide and polypropylene are sim- 
ilar to those given in the paper for nanocrystals of 
polyethylene. So, the analysis of experimental results 
and the evaluation of the elastic deformation energet- 
ics given here for PE are also correct to a large extent 
for other polymeric nanocrystals. 
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